Abstract: In our work, based on chemical vapor deposition method and a newly designed glass-material-glass sandwich structure, MoS 2 saturable absorber (SA) with a damage threshold of higher than 0.26 J/cm 2 was fabricated and employed for demonstrating highpower, large-energy rectangular mode-locked Er-doped laser operation. Stable mode-locked operation with maximum output power of 122.77 mW and largest pulse energy of 130.49 nJ were successively achieved along with power scaling process. In comparison with previous works, our results show remarkable breakthroughs both in the aspects of average output power and pulse energy. Our experimental design and results will open a new avenue for generating high-power, large-energy mode-locked fiber lasers based on two-dimensional materials as SAs.
Introduction
Two dimensional (2D) materials based ultra-fast optical modulators, exhibiting the properties of wide absorption band, ultra-fast recovery time, high damage threshold, low cost and easy preparation, have extensively promoted the advancement of ultra-fast mode-locked fiber lasers both in scientific and industrial applications [1] - [26] . As the guider for 2D layered saturable absorption material investigation, graphene had been firstly reported in the early of 2009 [1] . Since then, under the guide of graphene, various 2D materials, including transition metal dichalcogenides (TMDs) [5] - [18] , topological insulators (TIs) [20] - [24] , black phosphorus (BP) [25] , [26] , Mxenes [27] , [28] and so on, have been successfully designed as optical modulators for generating ultrafast lasers. At present, exploring new types of saturable absorption materials and improving their optical properties have becoming two major directions and attract extensive attention. Especially, the improvement of optical damage threshold has important significance in promoting the commercialization of twodimensional SAs and extending the applications of low-cost, compact-structure ultra-fast lasers. As is mentioned, driven by new saturable absorption materials, ultra-fast lasers with short pulse width and high peak power have been widely reported [23] - [29] . In contrast, mode-locked fiber lasers with high average output power and large pulse energy, which have special applications in the fields of material processing, fiber sensor and bio-medical regime, have not yet been enjoying the same attention relatively. In general, long-length laser cavity and excellent saturable absorption material with high damage threshold are the determinants for demonstrating high-power large-energy modelocked fiber laser operations. Among them, the length of the laser cavity can be easily controlled by adjusting the length of the single-mode fiber (SMF). Nevertheless, the improvement of the damage threshold of the SAs turns to be a remarkable challenge.
Previously, fabrication techniques including mechanical exfoliation (ME), liquid exfoliation (LE) or liquid phase exfoliation (LPE), pulsed laser deposition (PLD), plasma-assisted fabrication and chemical vapor deposition (CVD) have been applied for preparing layered 2D materials appropriately [30] - [32] . Specifically, ME can be used to produce high quality, single-crystal flakes from bulk layered crystal materials, which is unsuitable for achieving controllable-layers and large-scale materials. LE or LPE exhibits the advantages of low-cost and easy-preparation, however, the properties including layers and shapes of the prepared materials are difficult to control [30] - [32] . PLD produces films of material following ablation from a target, which always leads to structural alterations in the materials [30] - [32] . As an efficient method, CVD was widely employed for the production of single and few-layer 2D materials with uniform shape [30] - [32] . Especially, CVD-2D materials present smooth surface, which has great potential in the fabrication of SAs with high damage threshold. Consequently, CVD method was employed for preparing SA for demonstrating large-energy pulse operations in our experiment. In addition, the contact with oxygen is another important reason for the damage of SAs. In our work, based on coating glass, we have proposed a new method for designing a special sandwich-like SA to isolate oxygen and improve the damage threshold of the SA.
Among the widely investigated 2D materials, since its firstly successful optical absorption properties and ultra-fast application reported in 2014 [16] , MoS 2 have been utilized extensively for demonstrating a number of ultra-fast laser operations arranged from visible to mid-infrared due to its obvious advantages of wide absorption band, suitable bandgap value, ultra-fast recovery time and high damage threshold [17] - [19] . Among them, CVD-MoS 2 have also been employed as SAs for designing Q-switched and mode-locked operations and demonstrated excellent absorption properties [18] , [19] . In our work, CVD-MoS 2 was selected as the saturable absorption material. Special glass-MoS 2 -glass structure SA was successfully prepared and used for achieving a high average power, large pulse energy mode-locked operation within a long length cavity under high pump power. The maximum average output power of 122.77 mW and pulse energy of 130.49 nJ were successively generated. To the best of our knowledge, such high average power and pulse energy exhibit subversive enhancement in comparison with other reported results, which provides a significant reference for demonstrating high average power, large energy mode-locked fiber lasers based on 2D materials as SAs.
Fabrication and Characterization of the MoS 2 Modulator
Due to that 2D materials deposited on fluorophlogopite mica (FM) are easily peeled off from the substrate, thus, we employed CVD method to prepare MoS 2 materials on the substrate of FM in our work. In addition, MoS 2 materials were also deposited on sapphire substrate for the purpose of morphology characterization.
Figs. 1(a) and (b) show the scanning electron microscope (SEM) (Sigma 500, ZEISS) images recorded under different resolutions of the prepared MoS 2 . It is shown that the prepared MoS 2 presents quietly smooth surface characteristics, which will ensure the improvement of the damage threshold of the SA materials. The Raman and energy-dispersive X-ray (EDX) spectra of the prepared MoS 2 were recorded for analyzing the molecular structure and the element characteristics of the prepared MoS 2 material. As shown in Fig. 2(a [33] , [34] . Fig. 2(b) shows the corresponding EDX spectroscopy, where CPS is the count per second. Peaks associated with Mo and S could be clearly expressed. The corresponding atomic ratio is nearly ∼1:2, which is compatible with the chemical formula of MoS 2 . According to the measured results in Figs. 2(a) and (b), it could be indicated that relatively pure MoS 2 was prepared in the experiment.
As a result of its layer-dependent nonlinear absorption properties such as modulation depth, saturable intensity and so on, the layers of the materials play a determinant role in designing high-performance SAs. In our experiment, MoS 2 deposited on sapphire substrate was employed for testing its layered properties. A 3 × 1 mm 2 MoS 2 was scraped off from the substrate for the preparation of distinct substrate-material boundaries. The layered characteristics of the prepared MoS 2 material were tested by an atomic force microscope (AFM, Bruker Multimode 8) and the images of the surface under different resolutions are respectively shown in Figs. 3(a) and (b). From Figs. 3(a) and (b), it could be observed that large-area, flat distributed MoS 2 was fabricated successfully. Additionally, small granular nanosheets were also depicted which were produced due to the preparation substrate-material boundaries. Fig. 3(c) shows the corresponding thickness of the marked area of Fig 3(b) . Firstly, the measured results proved that the substrate exhibited an obvious inclination angle, thus, the measured results were modified by reducing the effect of the slope efficiency and also shown in Fig. 3(c) . As is shown, the thickness of the marked area was about 35 nm, corresponding to the layers numbers of about 53-54 [33] . The overall results reveal that MoS 2 materials with smooth surface and uniform layer numbers were prepared successfully. Fig. 4 shows the optical transmission property of the CVD-MoS 2 , which is measured by using a spectrophotometer (Hitachi, U-4100). For comparison, the transmission spectra of the FM substrate is also detected and shown in Fig. 4 . As is shown, the FM substrate demonstrates near wavelengthindependent optical transmission property. In contrast, MoS 2 -FM exhibits obvious wavelengthdependent transmission characteristics, which indicates that the MoS 2 film contributes to the optical absorption. The liner optical absorption of the MoS 2 film is about 15% at 1550 nm.
Preparing SA with high damage threshold has decisive effect in demonstrating high-power and large-energy pulsed operations, in our work, we demonstrated a novel method for the isolation of the oxygen and the materials, which will exhibit significance in the improvement of the damage threshold of the materials. The preparation process is shown in Fig. 5 . A sapphire was selected as the substrate for the preparation of the SA (S1). Firstly, a thin liquid glass film (liquid glass used for coating, CG-9H, Ceranic Glass Ltd.) was spin-coated on the substrate (S2). The most important step is to peel the layered MoS 2 off from the FM substrate and lay the peeled material on the surface of the liquid glass film flatly (S3). Then, another liquid glass film was spin-coated on the 2D materials (S4) for the purpose of isolating the oxygen (S4). And then, compacting it with another sapphire to form a five-layer sandwich structure (S5). The prepared five-layer material was pressed and stayed for 48 hours until the liquid glass crystallizes to form a protective layer. After that, the sapphire substrates on both sides were removed. Finally, the remained materials were polished and cut to 1 × 1 mm 2 for proposing as SA (S6). Thus, the final SA was a three-layer structure under the protection of the two outer glass film, which will isolate the contraction of the materials and the oxygen as well as enhance the damage threshold of the SA.
In order to understand the modulation performance of the SAs, the nonlinear optical absorption properties need to be investigated. In the previous works, two-arm power-dependent transmission technique had been proved to be a feasible route for the measurement of nonlinear optical absorption properties of SAs [5] , [15] . In our work, the nonlinear optical absorption properties of the glass-MoS 2 -glass SA were also tested by the power-dependent transmission technique, which is shown in Fig. 6 . A home-made Er-doped fiber laser with a maximum average output power of 12 mW, a pulse repetition rate of 52.3 MHz and a pulse width of 360 fs was employed as the pump source. Further, based on the fitting curve of power-dependent nonlinear transmission shown in Fig. 6 , the saturation intensity and modulation depth could be obtained by the formula [5] :
Where T is the transmission, T ns is the non-saturable absorbance, α s is the modulation depth, I is the input intensity of laser, I sat is the saturation intensity. In our experiment, the saturation intensity and modulation depth are calculated to be 85.4 MW/cm 2 and 25.3%, respectively. This large modulation depth will present obvious advantages in constructing large energy, mode-locked fiber lasers.
Experimental Details
For investigating the modulation performance of the glass-MoS 2 -glass SA, an all-fiber ring laser cavity is constructed and its schematic is shown in Fig. 7 . Two 976 nm lasers (Pump 1 and Pump 2) (SM-97X-S, Jingjiang) with maximum output power of 1.2 W were employed to pump ∼80 cm highly Er-doped active fiber (EDF) (Er-80, Liekki) via two wavelength division multiplexers (WDM1 and WDM2) (WD97X/15FA, Jingjiang). The core and cladding diameters of the employed EDF are ∼8 μm and ∼125 μm, respectively. A polarization independent isolator (PI-ISO) (PI15/3FA, Jingjiang) is used to ensure the unidirectional propagation of the pulse in the ring laser cavity. Two polarization controllers (PC1 and PC2) (PCE/SMe-3, Jingjiang) are used to construct the laser cavity for polarization adjustment. The fabricated glass-MoS 2 -glass SA is set between the PC2 and PI-ISO. The generated fiber laser is delivered out of the cavity by using a 50:50 output coupler (OC) (OC15/3FA, Jingjiang). Due to the fact that long laser cavity has significance in boosting the pulse energy of a mode-locked laser [35] , thus, a piece of single-mode fiber (SMF) (SMF-28e+, Coning) is incorporated into the laser cavity for nonlinear effect matching and the overall length of the total cavity is designed to be ∼218.4 m for generating of the high average power and large-energy mode-locked fiber laser.
Results and Discussion
In the experiment, as is described that a ∼218.4 m-long ring laser cavity was applied for the large-energy mode-locked laser generation. Due to the fact that obvious Kerr effect induced by high pump power injection within long-length SMF may cause the formation of self-mode locked operation, therefore, it is necessary to confirm whether there is a self-mode-locked phenomenon occurring in the ring laser cavity. Thus, the glass-MoS 2 -glass SA was firstly not inserted into the laser cavity. By carefully adjusting the output power of pump lasers and the orientations of the PC1 and PC2, only unstable messy pulses were observed in the output port (shown in Fig. 8 ). This phenomenon proves that no self-mode-locked operation is recorded. However, when the glass-MoS 2 -glass SA was inserted, by widely arranging the pump power from 165 to 1725 mW, stable mode-locked state could even be observed and kept stable by optimizing the orientations of PC1 and PC2, which indicates that the modulation effect was fully attributed to the function of the glass-MoS 2 -glass SA.
The typical characteristics of the mode-locked ring fiber laser operated at the maximum pump power are shown in Figs. 9(a)-(c) . Fig. 9(a) shows the emission spectrum recorded by using an optical spectrum analyzer (AQ6317B) with wavelength resolution of 0.05 nm, which indicates that the central wavelength and full width at half maximum (FWHM) of spectral distribution are measured to be 1564.586 and 10.596 nm, respectively. From Fig. 9(b) , it is shown that typical rectangular pulse shape with pulse width of 10.84 ns is generated at maximum pump power. In comparison with previous works, the pulse width obtained in our work is wide. Because, A long stretch of single-mode fiber without polarization maintenance is employed in our experiment, long-length single-mode fiber will leads to a large dispersion value and the effect of nonlinear polarization evolution, which will lead to pulse broadening. In addition, nonlinear polarization evolution also acts as an additional mode locking mechanism, thus, in our experiment, the mode-locked characteristics under different state of PCs were also investigated for testing the effect of the nonlinear polarization evolution, During the experiment, the degrees of the PC1and PC2 are adjusted about between 0 to 180 o , large-energy rectangular mode-locked operation can be easily reproduced. In addition, the adjustment of the PCs also caused the formations of other kinds of solitons, however, the states were unstable, which mainly due to the optimal cavity length designed for obtaining large-energy rectangular soliton operation. Further, the recorded pulse train shown in Fig. 9(c) demonstrates that the pulse-to-pulse time of the output laser is about ∼1.063 μs, which corresponds to a pulse repetition rate of 940.8 kHz. This pulse repetition rate value is in agreement with the cavity length of 218.4 m. Fig. 9(d) denotes the average output power scaling process as the increase of injected pump power. The maximum average output power could be scaled to ∼122.77 mW with the pump power of 1725 mW and optical-to-optical conversion efficiency of 7.1%. Fig. 10 gives the characteristics of the pulse energies and peak powers along with scaling of pump power. As a result of the confirmation of fixed pulse repetition rate and enhancement of average output power, it is shown that the pulse energy could be correspondingly scaled with the increase of pump power. The maximum extracted pulse energy is calculated to be as high as ∼130.49 nJ. As is described that a 50:50 OC was used for outputting the energy from the ring laser cavity, thus the intra-cavity energy is also calculated to be ∼130.49 nJ, indicating that the damage threshold of the MoS 2 SA is higher than 0.26 J/cm 2 . Besides, due to the dual inter-contrary impacts of average output power and pulse width, the peak power presents a non-uniform change trend along with the increase of pump power. But overall, it exhibits a decrease phenomenon instead of a regular upward trend when the pump power is beyond 400 mW. The physical origin of this change trend could be mainly attributed to the comprehensively effects of peak power scaling and complex nonlinear optical progresses under high pump power operation.
The evolution of the emission spectra and pulse widths under different pump powers were investigated and shown in Fig. 11 . As is shown in Fig. 11(a) , the overall spectral width, which is defined by full width at half maximum (FWHM), is broadened gradually along with the pump power scaling process, and ultimately saturated to be ∼10.596 nm at maximum pump power. Typical laser spectra under different pump powers are depicted in Fig. 11(b) , which also shows a broadening trend with the increase of the pump power. Meanwhile, the shapes of the emission spectra are relatively homogeneous under different pump powers. Figs. 11(c) and (d) demonstrate the changes of pulse widths and single pulse shapes under different pump powers. It is concluded that the pulse width exhibits a clear broadening phenomenon and rectangular pulse shape could be generated with the increase of pump power.
For examining the operation stability of the mode-locked state, at maximum output power, the radio frequencies (RF) were recorded under different display bandwidths by a radio analyzer (R&S FPC1000). Fig. 12(a) shows the RF spectrum recorded within a radio bandwidth of 0.7 MHz with a resolution of 300 Hz at the central frequency, which shows that the central RF is about ∼940.8 kHz and the signal-to-noise ratio (SNR) could be reached to ∼50 dB. Fig. 12(b) denotes the RF spectrum within a wide radio bandwidth of 200 MHz. By combination of Figs. 12(a) and (b), it could be inferred that the all-fiber ring laser cavity is operated at a stable and robust mode-locked state.
In Table 1 , we summarized relatively comprehensive comparative data of 2D materials based Er-doped fiber lasers with high output powers or large pulse energies. As is depicted, 2D materials including graphene, BP, TIs and TMDs prepared by different method (ME, LPE, CVD, etc) have been employed widely for designing high-power or large-energy mode-locked Er-doped fiber lasers. From the comparative data, we can draw several obvious conclusions. Firstly, SAs prepared by CVD method present obvious advantages in obtaining large-energy mode-locked fiber lasers, meanwhile, large energies also indicate wide pulse widths because of the limitation of the peak power [11] , [14] . large-energy pulses with low repetition rates and wide pulse width have wide applications in the fields of remote sensing, biomedical diagnostics, and high resolution ranging systems [11] , [14] , [23] . Additionally, mode-locked operations with ultra-fast pulse width, which have been extensively employed in the fields of spectroscopy, nonlinear optics, THz technology and precision machining, are easily obtained based on SA with low saturable intensity and large modulation depth [7] , [9] , [10] , [13] , [26] . Especially, CVD-WSe 2 based SAs exhibit excellent performance in obtaining modelocked operations with ultrafast pulse width [9] , [10] . Besides, the highest average output powers were obtained within LPE-graphene and MSD-In 2 Se 3 based demonstrations, 80 mW-level average output power was the power record of 2D-materials based mode-locked Er-doped fiber lasers. However, in this work, the maximum average output power is enhanced to as high as 122.77 mW, which is remarkably higher than the reported works. Second, the pulse energy obtained in this work is also the novel breakthrough of mode-locked Er-doped fiber lasers. In addition, to the best of our knowledge, this work is the first demonstration exhibiting high average output power and large energy, simultaneously. Previously, mode-locked operations with higher energies were also demonstrated in mode-locked fibre master oscillators [35] , [36] . however, in comparison with the mentioned work, our demonstration exhibits the properties of more compact all-fiber construction, low-cost and so on, those properties are of great significance in promoting the practical application α s , modulation depth; I sat , saturable intensity; ME, mechanical exfoliation; LPE, liquid phase exfoliation; MSD, magnetron-sputtering deposition; PLD, pulsed laser deposition; CVD, chemical vapor deposition; SM, solvothermal method; P ave , the average output power; τ pulse , the pulse width; Epulse, the pulse energy.
of the mode-locked fiber lasers. In conclusion, the breakthroughs above are mainly contributed to the successful fabrication application of high-damage-threshold novel glass-material-glass SA. Further, the competitively experimental results reflect the advantages of the experimental design and provide a new robust and compact scheme for promoting the development of 2D-materials based high average power, large-energy mode-locked fiber lasers.
Conclusion
In conclusion, novel glass-MoS 2 -glass structure SA with a damage threshold of higher than 0.26 J/cm 2 , a saturation intensity of 85.4 MW/cm 2 and a modulation depth of 25.3% was successfully fabricated. Based on the homemade SA, high average power, large-energy mode-locked Er-doped fiber laser is demonstrated. The maximum average output power and pulse energy could be scaled to ∼122.77 mW and 130.49 nJ, respectively. To the best of our knowledge, the average output power and pulse energy achieved represent the new records of mode-locked Er-doped fiber lasers based on 2D-materrial SAs. We believe that this work could provide a well reference for generating high-power, large-energy mode-locked fiber lasers based on 2D materials as SAs and has great potential in promoting the commercial applications of 2D materials based ultrafast photonic devices.
